β-Glucans, mostly from oats, have been shown to reduce blood concentrations of total and LDL-cholesterol in animals and humans. After processing, spent brewer's yeast, a by-product of the fermentation process, contains 85% -90% β-glucans. The purpose of this study was to evaluate the effect of yeast-derived β-glucan fiber on plasma lipids and early atherosclerosis development in hamsters consuming a semi-purified hypercholesterolemic diet (HCD). Animals were fed either the HCD or the HCD containing psyllium or β-glucan fiber from yeast for 12 weeks. Both the psyllium and β-glucan fiber from yeast showed significant decreases in plasma total cholesterol, non-HDL-C, triacylglycerol, and aortic fatty streak area when compared to the HCD. Also, the β-glucan fiber from yeast had significantly less aortic fatty streak area compared to the psyllium diet. Findings from this study show that while both β-glucan fiber from yeast and psyllium produced similar reductions in plasma lipid and lipoprotein concentrations, the β-glucan fiber from yeast prevented the development early atherosclerosis better than psyllium in the hamsters.
Introduction
The link between elevated plasma LDL-cholesterol concentrations and the risk of developing coronary artery disease has been clearly established [1] . However, cholesterol-lowering medications are usually reserved for patients who have not reduced their cholesterol concentrations sufficiently with dietary management and exercise, have already had an infarction or stroke, or do not meet the American Heart Association guidelines for acceptable serum lipid concentrations [2] . The National Cholesterol Education Program (NCEP) recommends that most patients with abnormal serum lipid profiles follow the Step I or II diet plans, which include reductions in dietary total fat, saturated fat and cholesterol intake [2] .
Not included in NCEP guidelines are specific recommendations about other dietary macronutrients, including fiber. Consumption of whole oats or oat bran has been shown to lower serum cholesterol concentrations in animal models of hypercholesterolemia [3] [4] [5] [6] [7] . This effect is largely attributed to the (1  3) (1  4)-β-D-glucan (i.e., β-glucan) component [8] . Spent brewers yeast (from breweries or bakeries) is also a rich source of β-glucans. In fact, after processing, the yeast contains 85% -90% β-glucan, consisting of repeating units of β-D-glucose joined together in β-(1  3) (1  6) linkages [9] . Currently this material is sold as animal feeds, used as land fill or in biogas production [10] . Utilization of this residue as a dietary supplement would benefit the breweries, extract manufacturers and the environment [10, 11] . While barley, oat bran [8] and yeast [10] have been shown to improve the blood lipid profile, the purpose of this study was to examine the effect on the development of early atherosclerosis, as measured by aortic fatty streak area, of yeast-derived β-glucan fiber in Syrian Golden F1B hamsters and to confirm that the yeast source of this fiber is as efficacious as a commonly used soluble fiber, psyllium, which is a gel-forming mucilage derived from the seed husk of Plantago Ovata, and has been shown to improve the lipid profile [12] [13] [14] . Hamsters were selected for this because they represent a useful model with respect to humans due to their similar lipoprotein profile when fed hypercholesterolemic diets and their ability to metabolize cholesterol in a similar manner [4, 8, 10, 15, 16] .
Materials and Methods

Diets
All dietary ingredients and formulated diets were supplied by Research Diets, Inc., (New Brunswick, NJ). The semipurified, hypercholesterolemic control diet (HCD) contained 17 g/100g fat (coconut oil), 0.1 g/100g cholesterol and 10 g/100g cellulose. The experimental diets were formulated to contain either 10 g/100g psyllium or 10 g/100g Fibercel (yeast β-glucan fiber source) at the expense of cellulose ( Table 1 ) and fed for 12 weeks.
Animals
Forty-eight male Syrian Golden hamsters (F1B strain, Charles River Laboratories International, Inc., Wilmington, MA) approximately 8 -10 weeks of age were individually housed and acclimated to stainless steel caging and fed the HCD for 4 weeks. Hamsters were bled at both 2 and 4 weeks to determine plasma lipids and lipoprotein cholesterols. At the end of the fourth week, the animals were divided into 3 groups (n = 16/group) and fed either the HCD, or the HCD containing psyllium or β-glucan fiber from yeast (β-glucan fiber) for 12 weeks. Animals were bled at 8 and 12 weeks to measure plasma lipids and lipoprotein cholesterols. At the end of the twelfth week, the animals were euthanized and aortic fatty streak analysis was performed. Experimental protocols were approved by the Institutional Animal Care and Use Committee. Hamsters were maintained in accordance with the guidelines of the Animal Care Committee at the University of Massachusetts-Lowell Research Foundation and the guidelines prepared by the Committee on the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council (DHEW publication No 85-23, revised 1985). Hamsters were housed in environmentally controlled conditions with an alternating 12-h light/dark cycle and given ad libitum access to food and water except when food was withheld for the experimental protocols described below. Food intake was measured every two or three days by measuring how much food was added versus how much food was removed and body weights were measured on a weekly basis.
Plasma Lipids and Lipoprotein Cholesterol Measurements
Blood was collected via the retro-orbital sinus into heparinized capillary tubes under ultrapure CO 2 /O 2 (50/ 50) gas (Northeast Airgas, Salem, NH) anesthesia from hamsters fasted for 12 hours at weeks −2, 0, 8, and 12.
Plasma was harvested after centrifugation at 1500× g at room temperature for 20 min and plasma lipid and lipoprotein cholesterol concentrations were measured using a Cobas Mira Plus Clinical Chemistry Autoanalyzer. Plasma total cholesterol (TC) [17] and triacylglycerol (TG) [18] concentrations were measured enzymatically using the Infinity Cholesterol Reagent (procedure #401) and Triglyceride (GPO-Trinder) Reagent (procedure 337) from Sigma Diagnostics (Sigma-Aldrich, St. Louis, MO). Plasma very low-and low-density lipoprotein cholesterol, which we combined and termed non-HDL-C, was precipitated with phosphotungstate reagent [19] and plasma high-density lipoprotein cholesterol (HDL-C) was measured in the supernatant using the plasma TC procedure. The concentration of non-HDL-C was calculated as the difference between plasma TC and HDL-C.
Aortic Fatty Streak Analysis
At the end of the twelfth week, hamsters were anesthetized with an IP injection of sodium pentobarbital (62.5 mg/mL at a dosage of 0.2 -0.25 mL/200 gram body weight) (Henry Schein, Port Washington, NY) and aortic tissue was obtained as previously described [20, 21] . Images from the entire mounted section were captured and analyzed using a model 3000 Image Analysis system (Image Technology Corp., Deer Park, NY). The analysis system was calibrated with a micrometer slide and the color threshold to identify oil red O (ORO) was set subsequent to analysis of the total ORO-stained area. Units of measurement of fatty streak area are expressed in μm 2 /mm 2 of aortic tissue.
Statistics
Repeated-Measures (RM) One-Way Analysis of Variance (ANOVA) was used to examine the effect of treatment over time on plasma cholesterol concentrations and body weight using SigmaStat software (Jandel Scientific, San Rafael, CA) at p < 0.05 [22] . A One-Way ANOVA was used to examine the effect of treatment on food consumption and aortic fatty streak area. When differences were observed between experimental groups by RM ANOVA or ANOVA, a Student-Newman-Keuls post hoc test was performed using SigmaStat®5.
Results and Discussion
Animal Body Weights
The hamsters adapted well to all diets and all hamsters survived the dietary treatments. No differences were observed between the hamsters fed the HCD, β-glucan fiber, or psyllium diets for food consumption over the course of the 12-week study (14.7 + 2.20, 15.3 + 1.40, and 14.9 + 2.13, grams/day respectively). The body weights for the hamsters during the dietary treatment period also were not significantly different from each other for each time point. The body weights of the hamsters fed the HCD, β-glucan fiber, or psyllium diets at week 0 (93. 
Plasma Lipid Concentrations
Plasma lipid and lipoprotein cholesterol concentrations in hamsters consuming the HCD were approximately the same in all groups following a 4-week lead-in. Following the lead-in period, hamsters were placed on the indicated diets. Plasma lipid and lipoprotein cholesterol concentrations measured at weeks 8 and 12 of the treatment period were not significantly different from each other for diet treatment, thus the mean of the two data points is stated. Compared to hamsters fed the HCD, a decrease in plasma TC, non-HDL-C, TG concentrations were observed in the hamsters fed the psyllium (−28%, −44%, and −46%, respectively) (p < 0.05) and β-glucan fiber (−30%, −46%, and −51%, respectively) (p < 0.05) diets ( Table 2 ). No differences in plasma HDL-C concentrations were observed among any of the dietary treatments at the end of 12 weeks. Also, the hamsters fed the psyllium and β-glucan fiber diets were not different from each other for any plasma variable. Elevated plasma cholesterol concentrations are associated with increased risk of coronary artery disease, whereas an elevation in plasma HDL-C concentration is inversely correlated with the incidence of cardiovascular disease [2] . A reduction in dietary total and saturated fat as well as cholesterol, are the main dietary treatments for patients with hypercholesterolemia [1] . However there is substantial evidence for the favorable lipid profile effects of certain dietary fibers [11, [23] [24] [25] [26] . The cholesterollowering activity of oat and barley is believed to be attributable to the β-glucan in soluble fiber fraction of these cereal grains. β-glucan is composed of large molecular weight water-soluble cell-wall polysaccharides consisting of (1  3, 1  4)-β-D-linked glucopyranosyl-monomers [27] . Concentrated β-glucan from both oats and barley lower plasma cholesterol concentrations in clinical studies [28, 29] and in animal models of hypercholesterolemia [3] [4] [5] 8, [30] [31] [32] [33] .
In the current study, both the β-glucan fiber and psyllium diets lowered plasma TC, non-HDL-C, and TG concentrations while having no effect on plasma HDL-C concentrations compared to HCD diet. Recently, our laboratory showed that hamsters fed β-glucan fiber concentrate from oats or barley at both 4% and 8% by weight in the diet decreased plasma TC and non-HDL-C concentrations in a dose-dependent manner [8] . The magnitude of the decrease in TC concentrations in the Table 2 . Plasma lipids and lipoprotein cholesterol concentrations (average of weeks 8 and 12 bleeds) and aortic fatty streak area (AFSA) in hamsters fed the control diet and either β-glucan fiber or psyllium diets for 12 weeks 1 . 
β-Glucan
current study is consistent with previous studies evaluating the effect of β-glucan concentrates from barley [4, 8, 31] and similar to [5, 8] or slightly greater in magnitude than the effect of oat bran and oat β-glucan concentrates in hamsters [3, 4, 30, 34] . This effect was primarily attributable to decreased plasma non-HDL-C concentrations. The current study, however, did not show any changes in plasma HDL-C concentrations in hamsters fed the yeast-derived β-glucan fiber while previous work has reported decreases in plasma HDL-C concentrations in other studies evaluating the effect of β-glucan from barley or oat preparations in hamsters [4, 5, 8, 30, 31] . It is possible that the decreases in plasma HDL-C observed previously may be due to some other active ingredient that is present in the β-glucan preparations from oat and barley bran rather than due to the β-glucan itself. It has been hypothesized that upon digestion, β-glucan increases small intestine viscosity due to its high molecular weight and its tendency to form viscous gummy solutions, resulting in reduced bile acid and cholesterol or triacylglycerol absorption, consequently lowering plasma cholesterol and triacylglycerols [27] . Wood et al. [35] reported a significant linear inverse relationship between glycemic response to a 50 g oral glucose load and the viscosity of oat -glucan solutions. Wood and Beer [36] showed that processing such as extrusion reduced the MW of oat -glucan but had little effect on its cholesterol-reducing properties. In rats, consumption of an ethanol-water and wet-milled oat -glucan concentrate reduced serum TC by 30%, whereas a cold-water and wet-milled -glucan concentrate reduced cholesterol by 10% as compared to rats fed a cellulose control diet, although the latter had higher MW and higher hydrodynamic volume [37] . Additionally, a recent study using hamsters demonstrated a similar cholesterol-lowering effect of oat -glucan with molecular weight varying from 136 kDa to 1650 kDa [38] . Previously we evaluated the cholesterol-lowering activity of a reduced MW β-glucan concentrate prepared from barley in hamsters consuming a HCD [39] . Barley β-glucan concentrate was prepared from waxy hulless barley cultivars that have previously been shown to lower plasma cholesterol concentrations in hamsters consuming a HCD [8] . The β-glucan in this preparation had an average MW of 1000 kDa. A reduced MW β-glucan concentrate was prepared by limited enzymatic hydrolysis of the high MW barley -glucan to an average MW of 175 kDa. Decreased plasma cholesterol and triacylglycerol concentrations were observed in hamsters consuming a HCD supplemented with concentrated barley β-glucan, regardless of the molecular weight [39] . Studies [24, 34, 40] have also shown that β-glucan inhibits the absorption of cholesterol from the gut, as demonstrated by significant increases in the excretion of fecal cholesterol and neutral sterols [8, 39] , however, fecal excretion of cholesterol and bile acids were not performed in the current study.
Early Atherosclerosis Development
At the end of the 12-wk treatment, compared to hamsters fed the HCD, aortic fatty streak area was significant less in the hamsters fed the psyllium (−76%, p < 0.05) and the β-glucan fiber (−82%, p < 0.05) diets (Table 2) . Also, the hamsters fed the β-glucan fiber diet had significantly less aortic fatty streak area (−25%, p < 0.05) compared to the hamsters fed the psyllium diet.
Our main objective was to examine whether yeast-derived β-glucan fiber added to the diet of hypercholesterolemic hamsters would slowdown the development of early atherosclerosis similar to or better than another soluble fiber, psyllium, which has previously been shown to reduce blood lipids and lipoprotein cholesterol concentrations in humans [12] [13] [14] and in hamsters [41] .
While the hamsters fed both the β-glucan fiber and psyllium diets had significantly less aortic fatty streak area compared to the hamsters fed the control diet, hamsters fed the yeast-derived β-glucan fiber diet had significantly less aortic fatty streak area compared to hamsters fed the psyllium diet, although similar decreases in plasma non-HDL-C were observed. This observation is particularly important because aortic fatty streak area is viewed as the hallmark in early atherosclerosis development. This is the first time that dietary β-glucan fiber derived from yeast has demonstrated such an effect on the aorta, although our previous study [8] did show a significant decrease in aortic cholesterol accumulation in hamsters fed β-glucan concentrates from oat and barley bran. Since we observed a greater decrease in aortic fatty streak and in hamsters fed the β-glucan diet compared to hamsters fed the psyllium diet, without differences in cholesterol-lowering activity, this suggests that additional anti-atherogenic mechanism(s) of action of yeastderived β-glucan fiber may be present other than a lowering of plasma non-HDL-C concentrations. It is unclear at this time what these potential other mechanisms maybe that are involved in reducing the aortic fatty streak area in hamsters fed the yeast-derived β-glucan fiber and future studies are needed to study this mechanism.
In conclusion, the results of the current study demonstrated that β-glucan derived from yeast can reduce plasma cholesterol concentrations, similar to psyllium, and the associated early atherogenic process, greater than psyllium, in hamsters. These results support the cholesterol-lowering and anti-atherogenic activity of yeastderived β-glucan fiber and also suggest a new market for
